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I. INTRODUCTION
Nitroso compounds have been proven to be primary products in the photolysis of nitroderivatives both experimentally 1 and theoretically. 2 In particular, nitrosamine ͑NH 2 NO͒, which has been shown to be produced in the photodecomposition of nitramide, 2͑a͒ is the simplest molecule of an important family of compounds which includes known human carcinogens. [3] [4] [5] Nitrosamines have been found in food, in surface water, and even in drinking water in North America. At this respect, Lee et al. 6 have recently described a concentration dependent mechanism in the photolysis of N-nitrosodimethylamine in water, which constitutes a new approach to its degradation. Nevertheless, these authors recognize that the mechanism through which it is photolyzed to dimethyl amino is not clearly understood.
Due to its high energy content, nitrosamine has not been isolated and characterized; however, it has been produced and detected, in experiments at low temperature, by Jacox and Thompson 7 and by Crowley and Sodeau. 8 Consequently, most of the experimental studies we will refer to in this work deal either with dialkylamino/amino and nitric oxide radical pair association or with the reactivity of larger molecules such as N-nitrosopiperidine or N-nitrosodimethylamine. Due to its biological interest, we have chosen the latter as a molecule to which to compare our results in terms of energetic levels and photochemical products given its related structure.
From the experimental point of view, nitrosamines have deserved much attention for several reasons. Firstly, they present a donor group ͑NR 2 ͒, directly attached to an electron withdrawing group ͑NO͒ what has motivated the study of their electronic structure.
1, 9 On the other hand, nitrosamines have been established to be the initial intermediates in the association between amidogen/dialkylamino radicals ͑NH 2 /NR 2 ͒ and nitric oxide ͑NO͒. Of particular interest is the environmentally relevant reaction of removal of nitrogen oxides by reaction with ammonia, the so-called DeNO x process. 10 Inversely, nitrosamines can be seen as a source of radicals. 11, 12 Theoretical studies have also supported the central role of nitrosamine as initial intermediate in the NH 2 +NO association. [13] [14] [15] Parallel to its mechanistic interest, the cal-in the presence of NO in an Ar or N 2 matrix at 4.2 K. 8 Despite this evidence, some authors assume the planar geometry. Characterization of the ground state potential energy surface of the NH 2 + NO system has been accomplished at different levels of theory: Walch 13 used the complete active space self-consistent field ͑CAS-SCF͒ theory combined with internally contracted configuration interaction ͑ICCI͒ method. Diau and Smith 15 used the Becke's three-parameter nonlocal exchange functional with nonlocal correlation of Lee, Yang, and Parr ͑B3LYP͒ and the energetic corrected with the Gaussian-2-type ͑G2͒ methodology. In both studies, the results are very similar, that is, the main process consists of radical association to form NH 2 NO followed by a 1,3-H shift to give the cis-hydroxydiimide ͑c-NHNOH͒ which isomerizes to trans-hydroxydiimide ͑t-NHNOH͒. On the other hand, Baker and Su 14͑a͒ studied, by means of the CAS-SCF level of calculation, the formation of H 2 and N 2 O after decomposition of the nonplanar initial adduct.
Since the electronic spectrum and photochemical properties of nitrosamine are unavailable, we will focus on the available experimental results of the closest studied chemical system: N-nitrosodimethylamine. The UV absorption spectrum of N-nitrosodimethylamine consists of two bands, a weak one with an oscillator strength of 0.009 centered at 27 500 cm −1 ͑3.41 eV͒, showing a vibrational progression, and an unstructured medium one with an oscillator strength of 0.12 centered at 44 000 cm −1 ͑5.46 eV͒, the former has been assigned to an n * transition and the latter to an * transition. 12 Moreover, Chow et al., in a very systematic study 17 established the main trends in N-nitrosodimethylamine photochemistry. They registered the UV spectrum of N-nitrosodimethylamine in methylcyclohexane and could observe at higher concentrations, besides the aforementioned bands, a new one centered at 453 nm ͑2.73 eV͒ which they assigned to an S 0 → T 1 transition of n * character. Also, a total absence of luminescence of N-nitrosodimethylamine in solution after excitation at any of the UV absorption wavelengths was shown.
Photodecomposition of N-nitrosodimethylamine after excitation at 363.5 nm ͑3.41 eV͒ and 248.1 nm ͑5.46 eV͒ was studied by Huber and co-workers. 12 Their results can be briefly summarized as follows: ͑i͒ irradiation at the longest wavelength, corresponding to the S 0 → S 1 transition, results on the formation of ͑CH 3 ͒ 2 N and NO ͑a fraction of the NO molecules in a vibrationally excited state͒, with a quantum yield of unity. It must be pointed out that the long life of the dimethyl radical ͑t Ͼ 0.5 s͒ allows a very effective recombination and, consequently, no global process is observed; ͑ii͒ irradiation at the shortest wavelength generates a wide manifold of products: CH 2 NCH 3 , CH 2 NOH, ͑CH 2 NCH 3 ͒ 3 , N 2 O, NO, H 2 , and N 2 , after bond cleavage of the weak N-NO.
Photochemistry of nitrosamine and N-nitrosodimethylamine has been also studied theoretically; most of the work has been focused on N-N photodissociation after excitation at the lowest energy wavelength. Cimaraglia et al., 18 by means of the SCF-CI approach, estimated that the ground state dissociation energy amounts to 47.7 kcal/ mol ͑2.07 eV͒. The calculated vertical transitions S 0 -T 1 and S 0 -S 1 were, respectively, 62.1 kcal/ mol ͑2.69 eV͒ and 81.1 kcal/ mol ͑3.52 eV͒. Finally, they showed that the S 1 potential energy surface does not exhibit any minima and that the preferred structure of NH 2 NO in the S 1 state is a twisted and pyramidalized geometry without barrier for dissociation. This last result has also been confirmed by means of classical trajectories on ab initio potential energy surfaces. 19 On the other hand, Lavi et al., 20 from the analysis of the rotational factor and ⌳-doublet population of NO formed after dissociation of N-nitrosodimethylamine at both wavelengths, concluded that ͑i͒ in both cases the fragmentation is fast and possesses some planarity; ͑ii͒ at the highest excitation energy the transition dipole moment lies on the molecular plane, while at the lowest excitation energy it is perpendicular; and ͑iii͒ the first excited state exhibits AЉ character and the second AЈ character. This paper is structured as follows: Section II summarizes the calculation methods used throughout the study. Section III is devoted to the presentation of the calculation results together with the proposed mechanisms derived from them. A summary is included in Sec. IV. In addition to this, we have attached supplementary material ͑all figures or tables labeled Sn where n is an ordinal͒, 25 consisting of tables and graphics which, for the sake of brevity, have not been included in the main text.
II. METHODS OF CALCULATION
Generally, contracted basis sets of atomic natural orbital ͑ANO͒-type obtained from N , O͑14s9p4d3f͒ /H͑8s4p3d͒ primitive sets, 21 the so-called ANO-L basis sets, with the N,O͓4s3p2d1f͔ /H͓3s2p1d͔ contraction schemes, were used in the optimizations of all the species relevant to the photodissociation and tautomerization of nitrosamine, which were performed at the CAS-SCF ͑Ref. 22͒ level of theory as implemented in the MOLCAS 6.2 program. 23 On the other hand, the localization of the surface crossings, either conical intersections or intersystem crossings, were done with the GAUSSIAN 03 program. 24 At the ground state geometry, the Hartree-Fock electronic configuration is where the subscript indicates the dominant character of each orbital.
As stated in the Introduction section, nitrosamine is a direct product in the photochemistry of nitramide, 2 consequently, the active space of nitrosamine has been chosen by analogy to that of nitramide. A CAS-SCF͑14,10͒, i.e., 14 electrons distributed in 10 molecular orbitals, has been used throughout this work. The orbitals within this active space are presented in Fig. S1 . The study of the tautomerizations implies an enlargement of the active space in order to de-scribe properly the hydrogen migration. In each case the correspondent sigma bond and its virtual were included yielding a CAS-SCF͑16,12͒.
All critical points have been located at the suitable CAS-SCF level. Furthermore, all stationary and Franck-Condon points were characterized by their CAS-SCF analytic harmonic vibrational frequencies computed by diagonalizing the mass-weighted Cartesian force constant matrix, i.e., the Hessian matrix, H. Vibrational frequencies of nonstationary points, such as Franck-Condon points, are obtained after the energy gradient, rotation, and translations are projected out of the Hessian, as described in a previous article. 26 Additionally, when required, minimum energy path searches have been performed. If the starting point is a transition state they are intrinsic reaction coordinate calculations.
The energies of all critical points have been recomputed at the multiconfigurational extension of the second-order perturbation theory ͑MS-CASPT2͒. 27 Thus, the CAS-SCF wave functions were used as reference functions in the secondorder perturbation treatment, keeping frozen the core orbitals of nitrogen and oxygen as determined in the CAS-SCF calculation. To minimize the contamination of the perturbed wave function by intruder states as well as to ensure an acceptable weight of the CAS-SCF reference wave function, the technique of imaginary level shift 28 has been introduced as default in all the linear interpolation calculations. By doing this, we prevent situations in which the weight of the CAS-SCF wave function in the perturbative treatment results too low and as a consequence the CASPT2 potential energy surface is not continuous. In such cases the CASPT2 treatment lacks of significance. Additionally, the applicability of this technique is justified by the fact that the corrections to the energy are not larger than ϳ1 kcal/ mol.
Since all the geometries are obtained at the CAS-SCF level and MS-CASPT2 energies are considered, some remarks should be done on the vertical transition energies and on the location of the surface crossings. Several facts make us confident about our results; first of all, in previous works 2͑c͒, 2͑d͒ we have shown that the inclusion of dynamic correlation effects does not alter significantly the description of the molecule in terms of geometry, 2͑c͒ or even location of surface crossings.
2͑d͒ Additionally, the CAS-SCF character of the considered states and the correspondent CASPT2 one does not vary from one to another. With respect to the reliability on the location of the surface crossings, an illustrative example is presented in Fig. 1͑c͒ where the MS-CASPT2 energy profile for the dissociation of nitrosamine into the CAS-SCF conical intersection of the NH 2 ͑1
2 A 1 ͒ and the doubly degenerated species NO ͑X 2 ⌸͒ yield four singlet states converging into one.
The transition dipole moments were computed according to the CAS state interaction ͑CASSI͒ procedure 29 in conjunction with the perturbatively modified CAS ͑PMCAS-CI͒ reference functions obtained as linear combinations of all the states involved in the MS-CASPT2 calculation.
The spin-orbit coupling constants, which are the matrix elements that represent the coupling between two states of different multiplicity, have been computed using an effective one-electron Fock-type spin-orbit Hamiltonian, as suggested by Hess et al. 30 and with the RASSI program implemented in MOLCAS 6.2. To avoid the calculation of multicenter one-and two-electron integrals, the atomic mean field integrals ͑AMFIs͒ have been used. 31 Spin-orbit coupling between configuration interaction ͑CI͒ eigenvectors of the effective Hamiltonian forms a Hermitian matrix. Since the basis set is real and the spin-orbit operator is complex, all spin-orbit couplings are off diagonal. The diagonal elements are the CI energies without spin-orbit couplings. Diagonalizing this Hermitian matrix yields spin-orbit coupled states. 32 In order to estimate the spin-orbit coupling interaction between two states of different multiplicities, we have used the root-meansquare formula defined in a previous work 33͑a͒ which has been discussed and generalized in a recent work by Federov et al. 
III. RESULTS AND DISCUSSION
This section consists of four parts. In the first one, we present the energies and assignments of the computed vertical transitions of nitrosamine. In the second subsection we address the dissociation of NH 2 NO into NH 2 and NO on the lowest excited valence singlet surfaces. The third one deals with tautomerizations and homolytic dissociation on the ground state. Finally, the chemistry in the first excited triplet state is analyzed.
A. Vertical transitions
The optimized geometry of the ground state of nitrosamine is C 1 , ͓Fig. 1͑a͔͒ in agreement with experiments. 8 However, we shall adopt the C s point group symmetry notation for the state labeling, which is more convenient for our discussion purposes.
Gas phase UV electronic spectrum of nitrosamine is unavailable; hence we have chosen the spectrum of N-nitrosodimethylamine as a model. The reported spectrum of this compound exhibits two bands, a weak one centered at 3.41 eV, with an oscillator strength of 0.004, assigned to an n → * transition, and a stronger one with an oscillator strength of 0.12 at 5.46 eV, assigned to an → * transition. 12 Nevertheless, an unassigned shoulder appears attached to the intense band at the blue side of the spectrum. 12 In addition to this, in concentrated methylcyclohexane solutions of N-nitrosodimethylamine a very low intensity band centered at 2.73 eV has been observed. It has been assigned to an S 0 -T 1 transition of n → * character.
17 Table I collects the computed energies ͑MS-CASPT2͒ of the vertical transitions to the photochemical relevant lowlying singlet and triplet valence states. Our results indicate that nitrosamine presents three electronic transitions: ͑i͒ a weak one at 2.98 eV ͑68.7 kcal/ mol͒ with an oscillator strength of 0.19ϫ 10 −3 , ͑ii͒ a stronger one at 5.86 eV ͑135.1 kcal/ mol͒ with an oscillator strength of 0.14, and ͑iii͒ a weak band centered at 7.41 eV ͑170.9 kcal/ mol͒ with an oscillator strength of 0.58ϫ 10 −3 . These values are in agreement with those of the experimental N-nitrosodimethylamxine spectrum, 12 especially on the oscillator strength values. The assignment of the transitions agrees with that given by Huber and co-workers; 12 
B. Photodissociation of nitrosamine into NH 2 and NO on the lowest-lying valence singlet surfaces
The structures of the critical points found on the S 0 , S 1 , and S 2 surfaces are shown in Fig. 1 , and their corresponding geometrical parameters are given in Table SI . The corresponding structures and geometrical parameters of the dissociation fragments are presented in Fig. S2 . Hereafter, mini-FIG. 1. Relevant critical points of nitrosamine on the singlet surfaces. The arrows in the smaller figures correspond to ͑i͒ stationary points: imaginary modes, ͑ii͒ surface crossings: gradient difference and nonadiabatic coupling vectors; ͑a͒ S 0 minimum ͑Ml͒; ͓͑b͒ and ͑c͔͒ S 0 transition states for the NO rotation around the N-N bond ͑Sd1 and Sd2͒; ͑d͒ S 1 first order saddle point ͑Sd3͒; ͑e͒ S 1 first order saddle point ͑Sd4͒; ͑f͒ S 1 transition state for the N-N bond cleavage ͑Sd5͒; ͑g͒ S 1 / S 0 conical intersection ͑Ci1͒; ͑h͒ S 2 minimum ͑M2͒; ͑i͒ S 2 minimum ͑M3͒; ͑j͒ S 2 first order saddle point ͑Sd6͒; ͑k͒ S 2 / S 1 conical intersection ͑Ci2͒; ͑l͒ S 2 / S 1 conical intersection ͑Ci2b͒; ͑m͒ S 3 / S 2 conical intersection ͑Ci3͒; ͑n͒ S 3 / S 2 conical intersection ͑Ci4͒; ͑o͒ T 3 / S 2 intersystem crossing ͑Isc1͒. mum, saddle points, conical intersections, and intersystem crossings will be denoted by Mn, Sdn, Cin, and Iscn, where n is an ordinal. Nitrosamine ground state exhibits a minimum M1 ͓Fig. 1͑a͔͒ and two transition states corresponding to the rotation of the NO moiety around the N-N bond, Sd1 ͓Fig. 1͑b͔͒, and Sd2, ͓Fig. 1͑c͔͒, with rotational barriers of 19.6 and 17.3 kcal/ mol, respectively. The first excited singlet state does not present any minima but three first order saddle points, Sd3 ͓Fig. 1͑d͔͒, Sd4 ͓Fig. 1͑e͔͒, and Sd5 ͓Fig. 1͑f͔͒, the latter corresponding to the transition state for the dissociation into NH 2 and NO on this surface. In addition, we have found an S 1 / S 0 conical intersection Ci1 ͓Fig. 1͑g͔͒. On the other hand, the second singlet excited state exhibits two minima: M2 ͓Fig. 1͑h͔͒ and M3 ͓Fig. 1͑i͔͒, a first order saddle point Sd6 ͓Fig. 1͑j͔͒, two S 2 / S 1 conical intersections: Ci2 ͓Fig. 1͑k͔͒ and Ci2b ͓Fig. 1͑l͔͒, two S 3 /S 2 conical intersections: Ci3 ͓Fig. 1͑m͔͒ and Ci4 ͓Fig. 1͑n͔͒, and an T 3 / S 2 intersystem crossing Isc1 ͓Fig. 1͑o͔͒. Relative energies and dominant configurations of the stationary points, crossing points, and dissociation products are collected in Table II .
In order to study the topology of the potential energy surfaces, we have calculated energy profiles of the reactions along linear interpolations as in previous works.
2, 34 That is, an interpolation vector, ⌬R, which connects the geometries of the critical points of interest or the geometries of stationary points and dissociation fragments, is obtained by calculating the difference between internal coordinates of reactant and products, ⌬R = R p -R r , where R r and R p represent the internal coordinate vectors of the reactants and products, respectively. Units of the interpolation vector are measured in angstroms for internuclear distances and degrees for valence and dihedral angles. For each of the intermediate geometries, a single-point energy calculation is performed, in particular, a state averaged CASSCF calculation ͑SA-CASSCF͒, followed by a multistate CASPT2 correction ͑MS-CASPT2͒ with the imaginary shift as commented in the previous section. Both variational and perturbative calculations span the same number of roots as indicated in each of the interpolations.
An initial comment on the electronic state of the dissociation fragments in the relevant low-lying singlet states is necessary for our subsequent discussion. It is observed that dissociations on S 0 and S 1 surfaces ͓Figs. 2͑a͒ and 2͑b͔͒ yield exclusively NH 2 ͑1
2 B 1 ͒ ͓Fig. S2͑a͔͒ and NO ͑X 2 ⌸͒ ͓Fig. S2͑b͔͒, that is, the products in their electronic ground state. In the same way, adiabatic dissociation on S 2 should result in the formation of NH 2 ͑1
2 A 1 ͒ and NO ͑X 2 ⌸͒, the electronic excitation occurring in the amidogen radical ͓NH 2 ͑1
2 A 1 ͔͒ and not in the nitric oxide fragment. At this respect, calculations on the first excited state of NH 2 reveal that this surface does not exhibit any minima, but a first order saddle point ͓Fig. S2͑c͔͒ and a linear S 1 / S 0 conical intersection ͓Fig. S2͑d͔͒. Thus radiationless deactivation of NH 2 * to ground state should be very likely. In Fig. 2͑c͒ we present the energy profile connecting the Franck-Condon geometry ͑M1͒ and the fragments NH 2 ͑CIS 1 / S 0 ͒ +NO ͑X 2 ⌸͒. It is noticeable that all states converge at the intersection point.
In what follows, we shall treat in more detail each decomposition mechanism on the singlet surfaces. Note that all photolysis experiments we will refer to have been carried out by excitation at the wavelengths corresponding to the S 0 → S 1 and S 0 → S 2 transitions. 12 According to our calculations ͑see Table I͒, the electronic transition to S 3 possesses a reasonably high value of the oscillator strength ͑f = 0.58ϫ 10 −3 ͒; therefore, the possibility of direct electronic excitation to S 3 should not be discarded. On this surface, we could not find any stationary points; consequently its reactivity is governed by the occurrence of the S 3 / S 2 crossings. Minimum energy path calculations performed on the near surroundings of those conical intersections indicate that both are connected to M2 on the lower surface, S 2 ͓Figs. S3͑a͒ and S3͑b͔͒. Therefore, once the region of the minimum is populated by nitrosamine, its internal energy, which includes that of the vertical transition, is redistributed loosing all memory of the initial momentum and, consequently, the molecule possesses enough energy to sample the S 2 surface. We will consider each possibility separately.
The Franck-Condon point on S 2 is computed at 5.86 eV ͑135.1 kcal/ mol͒. Starting at this geometry, we have performed a minimum energy path search in the direction of its associated imaginary mode ͓Fig. S3͑c͔͒. The resulting path leads unambiguously to a planar S 2 / S 1 crossing Ci2 ͓Fig. 1͑k͔͒, as it can be observed in Fig. 2͑a͒ . At this last crossing point, both the nonadiabatic coupling and the gradient difference vectors point to the dissociation of nitrosamine. Consequently, the major channel on this surface, after S 0 → S 2 excitation, corresponds to the homolytic dissociation through the planar S 2 / S 1 conical intersection which is in agreement with the results by Lavi et al. 20 As previously stated, the S 2 surface also exhibits other critical points that deserve further discussion, namely, two minima: M2 and M3, respectively ͓Figs. 1͑h͒ and 1͑i͔͒, a first order saddle point, Sd6 ͓Fig. 1͑j͔͒, two S 3 / S 2 conical intersections: Ci3 and Ci4 ͓Figs. 1͑m͒ and 1͑n͔͒, and an T 3 / S 2 intersystem crossing, Isc1 ͓Fig. 1͑o͔͒.
An outstanding feature is the M3 minimum ͓Fig. 1͑i͔͒, which corresponds to a very distorted geometry in the NO internuclear distance ͑d NO = 1.781 Å͒. For this reason, the study of oxygen extrusion becomes demanding; the resulting fragments of this process are azamine, ͑H 2 N 2 ͒, and atomic oxygen. In their lowest energy electronic state, azamine is a closed-shell molecule, that is, singlet ͑1 1 A 1 ͒ ͓Fig. S2͑e͔͒, while atomic oxygen in its ground state is a triplet O ͑ 3 P͒; thus the global multiplicity of the lowest energy state of the separated fragments is necessarily triplet and, since the starting surface, S 2 , is singlet, an intersystem crossing is expected to be found in the surroundings of M3. In fact, this intersystem crossing, Isc1, is found at a N-O internuclear distance of 1.826 Å ͓Fig. 1͑o͔͒. Intersystem crossing is favored by a small nuclear velocity and higher values of the spin-orbit coupling constants. However, without any dynamical calculations, we cannot affirm anything about the probability of the crossing. Moreover, adiabatic oxygen extrusion, yielding H 2 N 2 ͑1 3 A 2 ͒ ͓Fig. S2͑f͔͒ and O ͑ 3 P͒, is energetically possible since the molecule retains the energy of the vertical transition, and the estimated energy barrier possesses an upper energy limit of 15 kcal/ mol, thus, in principle, this channel should not be neglected, ͓Fig. 2͑d͔͒. Despite these possibilities, an intrinsic reaction path calculation ͓negative abscissas in Fig. S3͑d͔͒ reveals that M3 is connected to a first order saddle point, Sd6 ͓Fig. 2͑j͔͒, whose imaginary mode points apparently toward dissociation. Similarly, an intrinsic reaction calculation following the forward direction of the imaginary mode of Sd6 ͓positive abscissas in Fig. S3͑d͔͒ leads to a near degenerated point which presents internuclear distances and angles close related to those of the conical intersection S 2 / S 1 ͑Ci2͒. From this final point, we could locate another S 2 / S 1 conical intersection, Ci2b ͓Fig. 1͑l͔͒, whose geometrical parameters are reproduced in Table SI. Provided that a conical intersection is not a single point but a seam of crossings, 35 Ci2 and Ci2b may, in principle, represent different critical points of the same seam of crossings S 2 / S 1 . The complete characterization would require an analysis of the curvature around these points in the ͑3N-8͒ space, 36 which is out of the scope of the present work. How-
FIG. 2. Energy profiles ͑MS-CASPT2͒
of the main dissociation channels of nitrosamine on the relevant low-lying singlet states. Initial and final geometries are represented on top of the vertical axis: ͑a͒ S 0 minimum ͑M1͒ to NH 2 ͑1 2 B 1 ͒ +NO ͑X 2 ⌸͒; ͑b͒ S1 dissociation transition state ͑Sd5͒ to NH 2 ͑1 2 B 1 ͒ +NO ͑X 2 ⌸͒; ͑c͒ S 0 minimum ͑M1͒ to NH 2 ͑CIS 1 / S 0 ͒ +NO ͑X 2 ⌸͒; ͑d͒ S 2 minimum ͑M3͒ to NH 2 N͑1 3 A 2 ͒ + O. The electronic state of the products is presented at the end of the potential energy curves. The character of the states is indicated at the beginning of the curves. ever, the relative energies and the different character of the connecting states suggest that they belong to different seams.
Summarizing, if nitrosamine is excited to S 2 , the main channel yields the fragments in their ground state after ultrafast decay through an S 2 / S 1 planar conical intersection,
On the other hand, if the starting point is the S 3 vertical transition, an internal conversion to the lower state ͑S 2 ͒ leads to population of M2 and from it, several channels are open, the previous one ͑1͒, or population of the region of M3 where dissociation through CI S 2 / S 1 is the most likely process ͑2͒. Minor dissociation channels, namely, adiabatic dissociation into NH 2 ͑1 2 A 1 ͒ +NO ͑X 2 ⌸͒ ͑3͒, and oxygen extrusion into H 2 N 2 ͑1 2 A 2 ͒ +O ͑ 3 P͒ ͑4͒ are also possible; however, we consider them less relevant than the formers,
The first excited singlet state is reached after excitation at 2.98 eV ͑68.7 kcal/ mol͒, according to our vertical transition calculations. This state lacks of minimum, instead three first order saddle points have been located. One of them, Sd3 ͓Fig. 1͑d͔͒, is slightly higher in energy than the vertical transition ͑69.4 kcal/ mol͒, a second one, Sd4 ͓Fig. 1͑e͔͒, lies energetically very close to the Franck-Condon point ͑67.9 kcal/ mol͒, furthermore, their imaginary modes point approximately to the region of the third one, the lowest in energy, Sd5 ͓Fig. 1͑f͔͒, at 63.0 kcal/ mol, which corresponds to the transition state leading to adiabatic dissociation into NH 2 ͑1 2 B 1 ͒ +NO ͑X 2 ⌸͒. The potential energy curve associated with this path is depicted in Fig. 2͑b͒ . The occurrence of this transition state is in agreement with previous studies which predicted a twisting of the N-N-O bonds leading to a barrierless path for dissociation on S 1 both in nitrosamine and N-nitrosodimethylamine. 18, 19 Therefore, the first excited singlet surface exhibits a dissociative character with an only possible channel, the homolytic dissociation ͑5͒,
Additionally, an S 1 / S 0 conical intersection, Ci1 ͓Fig. 1͑g͔͒, has been located at 3.74 eV ͑87.5 kcal/ mol͒, an energy level not accessible after excitation to S 1 , and no influence can, in principle, be expected.
FIG. 3.
Critical points of nitrosamine related to its tautomers. The arrows in the smaller figures correspond to ͑i͒ stationary points: imaginary modes, ͑ii͒ surface crossings: gradient difference and nonadiabatic coupling vectors; ͑a͒ cis-hydroxydiimide minimum on S 0 ͑M4͒; ͑b͒ trans-hydroxydiimide minimum on S 0 ͑M5͒; ͑c͒ transition state for the 1,3-hydrogen shift ͑Sd7͒; ͑d͒ S 1 / S 0 conical intersection ͑Ci5͒; ͑e͒ diimide-N-oxide minimum on S 0 ͑M6͒; ͑f͒ transition state for the 1,2-hydrogen shift ͑Sd8͒; ͑g͒ S 1 first order saddle point ͑Sd9͒; ͑h͒ diimide-Noxide minimum on S 1 ͑M7͒.
C. Homolytic dissociation of nitrosamine on ground state and tautomerizations to hydroxydiimide
"NHNOH… and diimide-N-oxide "NHNHO… Prior to the discussion about the ground state of nitrosamine, an important remark should be done. From the precedent results it follows that, after excitation to the relevant singlet states, all major paths lead to dissociation into the fragments in their lowest energy levels, namely, NH 2 ͑1 2 B 1 ͒ +NO ͑X 2 ⌸͒. Moreover, we have not found any evidence of a unimolecular mechanism of decaying into the ground state from any of the discussed excited states. Consequently, an electronically excited molecule of nitrosamine is not expected to sample the ground state potential energy surface. However, according to Huber and co-workers, 12 dimethylamino radical possesses a long life so it can be expected to recombine with NO; under such circumstances, the newly formed N-nitrosodimethylamine molecule would possess an energy excess and therefore some ground state paths would be open. This fact provides the link between photochemistry of nitrosamines and their chemistry in the ground state.
Geometries of the relevant critical points related to nitrosamine tautomers are illustrated in Fig. 3 . Hydrogen migration may occur in two positions of the nitroso moiety: oxygen and nitrogen. In the region corresponding to the 1,3-H shift, two minima have been located: cishydroxydiimide, M4 ͓Fig. 3͑a͔͒, and trans-hydroxydiimide, M5 ͓Fig. 3͑b͔͒. Also, the transition state which connects nitrosamine ground state minimum and the cis tautomer has been found, Sd7 ͓Fig. 3͑c͔͒. With respect to the first singlet excited state, the occurrence of an S 1 / S 0 conical intersection, Ci5 ͓Fig. 3͑d͔͒, is remarkable.
On the other hand, in the region of the diimide-N-oxide, reached after migration of hydrogen from the amino nitrogen to the nitroso nitrogen, we have found a minimum corresponding to diimide-N-oxide, M6 ͓Fig. 3͑e͔͒, and the transition state communicating nitrosamine ground state minimum and diimide-N-oxide, Sd8 ͓Fig. 3͑f͔͒. Furthermore, the first excited singlet state presents a first order saddle point, Sd9 ͓Fig. 3͑g͔͒, whose transition vector points to a nonplanar minimum, M7 ͓Fig. 3͑h͔͒. Energies and dominant configurations for the precedent critical points are collected in Table  III , their geometrical parameters are presented in Table SII. The N-N homolytic dissociation energy profile on the ground state of nitrosamine is represented in Fig. 2͑a͒ . As it is common to other related molecules 2,34 this path does not present an exit barrier. The energy difference between fragments and minimum amounts up to 48.4 kcal/ mol. Nevertheless, ground state potential energy surface exhibits a lower energy path: the 1,3-hydrogen shift to yield cishydroxydiimide, M4 ͓Fig. 3͑a͔͒, with an energetic barrier of 31.1 kcal/ mol. The cis isomer, M4, can effect a rotation around the N-O bond yielding trans-hydroxidiimide, M5, with an upper energy limit of 8 kcal/ mol.
The formation of the diimide-N-oxide, M6 ͓Fig. 3͑e͔͒, is of higher energy compared to the other two processes. The transition state has been computed to occur at 59.1 kcal/ mol and consequently this channel does not compete as effectively as the others. In Fig. 4 the three considered channels are compared, respectively, homolytic dissociation, isomerization to M4, and isomerization to M6, noteworthy that all these potential energy curves have been computed at the CAS-SCF ͑16, 12͒ level of calculation and the energies have been corrected at the CASPT2 level.
With respect to the possibility of formation of tautomers in the excited state, it does not seem very probable: Firstly, in this region, S 1 occurs at much higher energies than that of the Franck-Condon point of nitrosamine ͑2.98 eV͒: vertical transitions for M4, M5, and M6 are over 4 eV ͑see Table III͒ . Secondly, from the precedent results, it follows that after 
Geometries illustrated in Fig. 3 ; Mn stands for minimum; Sdn stands for saddle point; Cin stands for conical intersection; T v represents vertical transition; n is an ordinal number. excitation of nitrosamine to S 1 or S 2 the most likely processes are homolytic dissociations. The occurrence of a conical intersection ͑Ci5͒ in the hydroxydiimide S 1 region and also the fact that diimide-N-oxide presents a nonplanar minimum ͑M10͒ on the same surface are remarkable.
D. Triplet state surfaces
To our knowledge, the influence of triplet states in nitrosamine chemistry has not been previously considered; however, it deserves some attention, since it has been shown experimentally in N-nitrosodimethylamine that T 1 can be populated by direct excitation in solution. 17 Figure 5 collects the relevant geometries on the triplet surfaces, their geometrical parameters are shown in Table SI . Relative energies and dominant configurations of the stationary points, intersystem crossings, and dissociation products on T 1 are collected in Table IV , along with those corresponding to the singlet states.
On the first triplet state, T 1 ͑1 3 AЉ͒, three minima have been found, namely, M8 ͓Fig. 5͑a͔͒, M9 ͓Fig. 5͑b͔͒, and a nitrene isomer, M10 ͓Fig. 5͑c͔͒. In addition, a second order saddle point, Sd10 ͓Fig. 5͑d͔͒, has also been located. Finally, two intersystem crossings have been found connecting T 1 and S 0 surfaces, Isc2 ͓Fig. 5͑e͔͒ and Isc3 ͓Fig. 5͑f͔͒, at 45.4 and 102.7 kcal/ mol, respectively. The potential energy curves connecting M1 geometry and both intersystem crossings are presented in Fig. 6 .
With respect to Isc2, its relative energy, as well as the reasonable high spin-orbit coupling constants, ranging between 65 and 80 cm −1 , indicate that this channel may compete with ground state homolytic dissociation and 1,3-H shift. On the other hand, the influence of Isc3 can be neglected due to its relative high energy and the low values of the spin-orbit coupling constants in this region. Dissociation on T 1 is very likely; the homolytical dissociations starting at M8 and M9 are very low cost processes, in all of the cases the required energies are under 7 kcal/ mol, as illustrated in Figs. S4͑a͒ and S4͑b͒.
A brief remark has to be done on the isomerization of nitrosamine to nitrene, M10 ͓Fig. 5͑c͔͒. Our calculations indicate that it is not a very probable process for several reasons: ͑i͒ the lowest singlet states of nitrene are dissociative, as shown in Fig. S4͑c͒ ; ͑ii͒ direct conversion from nitrosamine ͑M1͒ to nitrene ͑M10͒ on S 0 ͑ 1 AЈ1͒, despite its high energetic cost, is hindered by the occurrence of an intersystem crossing, Isc3, as shown in Fig. 6͑b͒ ; and ͑iii͒ the most probable process in T 1 , after excitation, due to its low energy cost, is the N-N bond cleavage, ͓Fig. S4͑d͔͒.
IV. SUMMARY
In this work, by means of MS-CASPT2/CAS-SCF methodology, it is shown that photochemistry of nitrosamine is governed by the N-N homolytic dissociation. Firstly, the geometry of the ground state minimum of nitrosamine results to be nonplanar in accordance with experimental results. 8 The electronic absorptions of nitrosamine are predicted to consist of a weak transition centered at 2.98 eV with an oscillator strength of 0.002 resulting from an np O → NO * transition, a strong band centered at 5.86 eV with an oscillator strength of 0.14 resulting from an np N → NO * transition, and a weaker band at 7.41 eV with an oscillator strength of 0.0006 which corresponds to a double excitation ͑np O ͒ 0 → ͑ NO * ͒ 2 character. This result compares well with experimental N-nitrosodimethylamine gas phase absorption spectrum. 14 The main trends of the reactivity of nitrosamine can be summarized as follows: ͑1͒ the main initial photochemical process is the N-N bond cleavage leading to NH 2 ͑1 2 B 1 ͒ and NO ͑X 2 ⌸͒; ͑2͒ dissociation starting at S 2 is governed by radiationless deactivation through a planar S 2 / S 1 conical intersection, in agreement with Lavi et al. 20 followed by homolytic dissociation on S 1 ; ͑3͒ previously undescribed, excitation to S 3 at 7.41 eV is followed by deactivation through an S 3 / S 2 conical intersection leading to a minimum on S 2 ; ͑4͒ from such point the major process is dissociation through a different region of the seam of crossings CI S 2 / S 1 in which nitrosamine adopts a trans conformation of the NO moiety with respect to the NH 2 ; ͑5͒ on S 2 , the adiabatic oxygen extrusion yielding NH 2 N ͑1 8 A 2 ͒ +O ͑ 3 P͒ is energetically allowed; ͑6͒ the first excited singlet state exhibits a pure dissociative character, the transition state for N-N bond scission presents a quasi-trans conformation on the NO moiety with respect to the amino part; ͑7͒ ground state homolytic N-N fission does not possess exit barrier, the energy difference between products and reactives amounts to 48.4 kcal/ mol; however, there is a lower energy channel, the tautomerization to cis-hydroxidiimide with an energy barrier of 31.1 kcal/ mol. With respect to the excited states of the tautomers, we have not found any evidence of their participation on the photochemistry of nitrosamine due to their relative high energy; finally ͑8͒ first excited triplet state, 1 3 AЉ, occurs at 2.18 eV and also exhibits a dissociative character. The relative energy of the lowest intersystem crossing ͑Isc2͒ and the high spin-orbit coupling constants seem to indicate that this crossing is likely to happen. Thus dissociation on the surface T 1 may compete with that on S 0 .
All of the results are in agreement with experimental observations, in terms of geometry of the ground state, UV electronic absorptions, the character of the primary photodissociative processes, and absence of luminiscence. 17 Figure 7 summarizes graphically the relative energies and chemical paths of the relevant critical points.
